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The Sweet, Sweet Smell Minireview
of Diacetyl
Dean P. Smith Chemosensation in C. elegans
Worms have a very simple chemosensory system com-Department of Pharmacology
University of Texas Southwestern Medical Center posed of 32 neurons. Despite this simplicity, they are
capable of detecting and appropriately responding to aDallas, Texas 75235-9111
wide range of chemicals (Bargmann et al., 1990, 1993;
Bargmann and Horvitz, 1991). Laser ablation studies
(Bargmann and Horvitz, 1991; Bargmann et al., 1993)Lucretius, one of the early Greek atomists, suggested
have shown that chemoattraction to a number of mole-that all substances having odor gave off a vapor of tiny
cules is mediated by three bilateral neuron pairs (Figureªatomsº; different substances would release atoms of
1). The ASE neurons mediate attraction to water-solubledifferent size. He suggested that the nose distinguished
molecules including sodium chloride, cyclicAMP, lysine,odors by having tiny pores of various sizes: odor was
and biotin. Two other neuron pairs mediate chemoat-determined by which pores the atoms could pass
traction to low concentrations of a variety of odorants.through. A recent paper from Cori Bargmann's group
AWC mediates attraction to butanone, benzaldehyde,(Sengupta et al., 1996) has genetically defined the equiv-
and alcohols, while AWA specifically mediatesattractionalent of one of Lucretius's pores in an intact animal
to diacetyl and pyrazine (Bargmann et al., 1993). Bothsystem. These workers have correlated the loss of a
AWC and AWA neurons can mediate attraction to thia-specific member of the seven transmembrane domain
zoles. Single neurons can mediate responses to severalreceptor family with a specific olfactory deficit in the
molecularly unrelated odorants; it is therefore likely thatnematode Caenorhabditis elegans.
worms express more than one odorant receptor perChemosensation is a primary way organisms ranging
olfactory neuron. Interestingly, pretreatment with onein complexity from bacteria to mammals perceive the
odorant can specifically block responses to that odor-environment. Both vertebrate and invertebrate animals
ant, but not to other odorants mediated by the sameutilize olfaction to identify food, to avoid toxic or noxious
neuron. Regulatory mechanisms must permit specificenvironments, and to recognize pheromonal cues. Un-
desensitization of individual odorant signaling path-derstanding how odorants are detected, distinguished,
ways, perhaps by phosphorylation of activated recep-and interpreted requires knowledge of the functional
tors as occurs in homologous desensitization of thecomponents. The recent discovery of a large family of
b-adrenergic receptor (reviewed by Lefkowitz et al.,genes encoding putative odorant receptors in the rat
1990). This could be important for the worm to follow aprovided insight into how vertebrate olfactory systems
concentration gradientÐas the receptors desensitize,might recognize specific odors (Buck and Axel, 1991).
chemotaxis to a higher concentration of odorant mightThere is evidence to suggest that each of the 100 million
be required to maintain activation of the neuron. Pre-olfactory neurons expresses a single member of the
treatment with one odorant can also block responses1000 or so different receptor genes (reviewed by Sullivan
to other structurally related odorants, suggesting theseet al., 1995b). Neurons expressing the same receptor
responses use common signaling components. For ex-gene synapse at the same site in the olfactory bulb
ample, attractive alcohols cross-saturate and cross-(Ressler et al., 1994; Vassar et al., 1994). If different
adapt (Bargmann et al., 1993). These alcohols share theodors selectively activate different sets of receptors,
structural feature of four to six unbranched carbonsthen the pattern of activity occurring in the olfactory
followed by a hydroxyl group. Chemoattraction to thesebulb would be unique for each odor (Ressler et al., 1994;
alcohols could be mediated by a single receptor that isVassar et al., 1994). However, direct proof that these
selective for this feature, yet has rather broad odorantreceptors actually mediate odor responses in intact ani-
specificity. Alternatively, these alcohols could activatemals has been lacking. Indeed, it has been suggested
different receptors that converge on a common signalthat these receptors serve both as odor receptors and
transduction cascade that desensitizes downstream ofas components of an axon guidance system for olfactory
the receptors.neurons (Singer et al., 1995; Sullivan et al., 1995a). Could
these receptors function exclusively as pathfinding mol-
ecules in intact mammals?
Now Sengupta et al. (1996) demonstrate a specific
olfactory deficit associated with the loss of a single
seven transmembrane domain receptor gene (odr-10)
in C. elegans. The significance of this work is twofold.
First, they demonstrate a specific odor response medi-
ated by a member of the seven transmembrane receptor
family in an intact animal system, providing support for
the idea that similar receptors in vertebrates mediate
odor responses. Second, they have characterized the
range of chemical structure capable of activating ODR-
10 in vivo. This information has potential implications Figure 1. Chemosensation to Low Concentrations of a Number of
Simple Molecules Is Mediated by Three Bilateral Neuron Pairsfor how olfactory information is coded.
Neuron
470
To study the functional components of the olfactory
system in C. elegans, Bargmann's group has undertaken
genetic screens to identify and isolate mutants with ab-
normal chemosensory responses. They identified a
number of mutants affecting different genes important
for odorant responses. Most mutants isolated based on
defective chemoattraction to one odorant were found
to have abnormal responses to many odorants. How-
ever, one mutant, odr-10, had normal behavioral re-
sponses to all odorants tested except diacetyl, the
odorant used to isolate the mutant. The gene encoding
ODR-10 has now been identified and encodes a seven
transmembrane domain receptor. The olfactory defect
Figure 2. Chemical Structures of Diacetyl and the Structurally Re-is clearly due to the loss of this receptor, because odr-
lated Odorants, 2-Butanone and 2,3-Pentanedione10 mutants have lesions in this gene and expression of
the cloned odr-10 receptor gene in the mutant restores
express one specific receptor for each odorant they canthe ability to perceive diacetyl. ODR-10 is a member of
detect, or are there both high and low affinity receptors?a new C. elegans branch of G protein±coupled receptors
There are an estimated 200 orphan seven transmem-composed of at least 15 members. These receptors are
brane domain receptor genes in the worm, some ofdistantly related to members of a candidate chemore-
which are likely to mediate chemoresponses (Troemel etceptor receptor gene family recently identified in C. ele-
al., 1995). The number of odorants worms can perceivegans (Troemel et al., 1995) and to members of the verte-
might be close to this number, so a small set of verybrate odorant receptor family.
specific receptors might be sufficient for olfactory func-Characterization of odr-10 Mutants
tion in the worm. Using a single receptor to mediateodr-10 mutants are specifically defective in chemoat-
responses of a class of odorants (like the attractive alco-traction to low concentrations of diacetyl. Chemoattrac-
hols) could further reduce the number of receptors re-tion to pyrazine is normal in odr-10 mutants, indicating
quired by the animal. odr-10 mutants still respond tothat theAWA neuron is still capable of mediating odorant
high concentrations of diacetyl indicating other recep-responses. To determine which cells express ODR-10,
tors with lower affinity for diacetyl are present on otherthe coding region of the green fluorescent protein (GFP)
sensory neurons. It will be interesting to determinewas spliced in frame to the C-terminus of the odr-10
whether these low affinity receptors are chemically spe-gene. This construct was expressed with the odr-10
cific for diacetyl or whether these receptors normallypromoter in transgenic worms, and the location of the
mediate responses to other odorants.GFP was determined. GFP was expressed almost exclu-
C. elegans Verses Vertebrate Receptorssively in the AWA neurons and was localized to the
There are an estimated 1000 receptor genes in a typicaldendritic cilia where odors interact with the olfactory
vertebrate, approximately an order of magnitude lessneurons. Furthermore, this fusion protein could partially
than the number of odorants that can be distinguishedrestore diacetyl sensitivity to odr-10 mutants, sug-
(in humans). Assuming there are no large undiscoveredgesting the site of action is the cilia. Therefore, the
families of related receptors genes, this suggests thatevidence is compelling that ODR-10 is a seven trans-
specific odorants probably activate several different re-membrane domain odorant receptor that specifically
ceptors in vertebrates and that the unique pattern ofmediates chemoattraction to low concentrations of di-
activity generated by each odorant is interpreted by theacetyl, possibly by directly interacting with the odorant
brain as odor (Ressler et al., 1994; Vassar et al., 1994).diacetyl.
If odorant receptors are chemically specific, this organi-Chemical Specificity of ODR-10
zation would minimize the overlap of glomerular activa-Bargmann's group has examined the range of chemical
tion between odorants. At physiologic odorant concen-structures that can activate ODR-10. This was achieved
trations, ODR-10 specifically mediates responses toby comparing olfactory behavioral responses of wild-
diacetyl but not closely related chemicals. Are verte-type and mutant worms to odorants with chemical struc-
brate receptors as selective?tures related to diacetyl (Figure 2). 2,3-pentanedione
Dissociated olfactory neurons from salamanders re-is detected by the AWA neurons 10- to 100-fold less
spond to odorants (Firestein et al., 1990). Remarkably,efficiently than diacetyl in wild-type worms, and 2-buta-
a mixture of three odorants will activate over half ofnone is not detected by AWA at all (Bargmann et al.,
these neurons (Firestein et al., 1990), and 25% respond1993). Clearly, 2-butanone is not able to activate ODR-
to a single odorant, cineole (Firestein et al., 1993). If a10, but what about 2,3-pentanedione? When AWA func-
single olfactory receptor is expressed in each neuron,tion in odr-10 mutants was compared with wild-type
a single receptor must be activated by a broad rangeworms, there was no difference in the ability to detect
of odorant molecules. Similarly, expression of the rat2,3-pentanedione. This demonstrates that an additional
odorant receptor OR5 in Sf9 cells results in productionreceptor mediates a 2,3-pentanedione response in the
of IP3 in response to many different odorants (Ramingabsence of ODR-10. Therefore, the ODR-10 is either
et al., 1993). Does this difference in responsiveness re-highly chemically selective and is activated by diacetyl
flect a fundamental difference in odorant receptor speci-but not structurally related molecules, or it is redundant
with a second 2,3-pentanedione receptor. Do worms ficity between vertebrate and invertebrate organisms?
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Buck, L., and Axel, R. (1991). Cell 65, 175±187.It is worth noting that these studies with vertebrate
Firestein, S., Shepherd, G.M., and Werblin, F.S. (1990). J. Physiol.receptors use high concentrations of odorants (in the
430, 135±158.micromolar range) to permit examination of odor-
Firestein, S., Picco, C., and Menini, A. (1993). J. Physiol. 468, 1±10.induced currents in a larger fraction of cells. Vertebrate
Lefkowitz, R.J., Hausdorff, W.P., and Caron, M.G. (1990). Trendsreceptors could be tuned to respond to low concentra-
Pharmacol. Sci. 11, 190±194.tions of specific chemicals, yet be activated by different
Raming, K., Krieger, J., Strotmann,J., Boekhoff, I., Kubick, S., Baum-chemicals presented at high concetrations. Worms re-
stark, C., and Breer, H. (1993). Nature 361, 353±356.spond to odorant concentrations estimated to be in the
Ressler, K.J., Sullivan, S., and Buck, L.B. (1994). Cell 79, 1245±1256.nanomolar range (Bargmann et al., 1993). However, in
Sengupta, P., Chou, J.H., and Bargmann, C.I. (1996). Cell 84, inodr-10 mutants, high concentrations of diacetyl stimu-
press.late chemoattraction, suggesting that other, less spe-
Singer, M.S., Shepherd, G.M., and Greer, C.A. (1995). Nature 376,cific receptors are activated by high concentrations of
19±20.
diacetyl. Therefore, it is possible that both vertebrate
Sullivan, S.L., Bohm, S., Ressler, K.J., Horowitz, L.F., and Buck, L.B.
and invertebrate receptors are tuned to a narrow range (1995a). Neuron 15, 779±789.
of chemical structure, but respond to other chemicals
Sullivan, S.L., Ressler, K.J., and Buck, L.B. (1995b) Curr. Opin. Genet.
presented at high concentrations. It would be interesting Dev. 5, 516±523.
to determine whether ODR-10 is as selective in a cell Troemel, E.R., Chou, J.H.,Dwyer, N.D., Colbert, H.A., and Bargmann,
culture expression system. C.I. (1995). Cell 83, 207±218.
Future Questions Vassar, R., Chao, S.K., Sitcheran, R., Nunez, J.M., Vosshall, L.B.,
Can worms distinguish between odorants that are per- and Axel, R. (1994). Cell 79, 981±991.
ceived through the same neuron? Perhaps any odorant
that activates AWA or AWC smells the same to the worm,
and chemoattraction results simply from the activation
of those neurons. Alternatively, the worm may distin-
guish between odorants detected by the same cell by
activating different ion conductances (hyperpolarizing
versus depolarizing) or by having different odors elicit
different firing patterns in that neuron. Determining the
odor-induced electrical responses of these neurons by
patch±clamp techniques would shed light on this issue.
While patch±clamping specific neurons is technically
difficult in C. elegans, the availability of worms express-
ing the GFP specifically in AWA cells (Sengupta et al.,
1996) should facilitate this approach.
The availability of an odorant receptor with a defined
chemical specificity makes several interesting experi-
ments possible. The binding affinity of ODR-10 for diace-
tyl and other ligands could be determined by expressing
these receptors in culture. It would be interesting to
determine whether ODR-10 can function in heterologous
systems. For example, would transgenic expression of
ODR-10 in mouse olfactory neurons generate mice with
acute sensitivity to diacetyl? Expressing ODR-10 in
other chemosensory neurons in C. elegans might make
those cells sensitive to diacetyl. This may alter chemo-
sensory behavior to diacetyl in ways that might provide
insight into the function of those neurons (and may be
less disrupting than laser ablation). If vertebrate odorant
receptors could be functionally expressed in C. elegans,
olfactory behavioral assays might provide a strategy to
determine the odorant sensitivity of specific vertebrate
receptors. Answers to these questions will provide fur-
ther insight into the specificity and universality of olfac-
tory signaling mechanisms and the nature of Lucretius's
pore.
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